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Determinants of immune complex-mediated glomerulonephritis. We
have studied the influence of steric factors on the clinico-pathologic
expression of immune complex-mediated glomerular diseases, utilizing
ferritin as an exogenous antigen. The tracer was planted in the left
kidney either in the subepithelial layer of the glomerular capillary wall
or on the endothelium and lamina rara interna. Subepithelial immune
complex formation resulted in non-inflammatory injury with heterolo-
gous and autologous proteinuric phases (115 16 mg/24 hrs on day 2;
183 16 mg/24 hrs on day 9) lasting four to five weeks. The glomerular
filtration rate of the experimental left kidney was reduced by 19% at day
3, and was increased by 20% at day 12 over right kidney values.
Immune complexes persisted for more than seven weeks in the lamina
rara externa. In contrast, immune complex deposition on the endothe-
hum and in the lamina rara interna led to acute transient anuria, with a
38% drop in glomerular filtration rate at one hour, massive platelet
accumulation, followed by a strong inflammatory response. Proteinuria
did not develop. Functional and structural integrity was restored within
24 hours, with complete clearing of immune deposits. We conclude that
the distribution of exogenous antigens within the capillary wall deter-
mines the structural and functional expression of immune-mediated
glomerular diseases.
Through experimental studies performed over the past three
decades, substantial progress has been made toward a rational
understanding of the pathogenesis and mediators of immune
complex-mediated glomerular diseases. While the initial studies
focused predominantly on serum sickness models of glomerular
injury [1—31, the great majority of the more recent investigations
addressed important questions on the mechanism,kinetics, and
pathophysiologic consequences of in situ formation of subepi-
thelial immune deposits. Such deposits can result from the
interaction of circulating antibodies with either fixed glomerular
epithelial cell constituents [4—6] or planted exogenous antigens
[7—11]. In contrast to the large number of investigations on the
role of subepithelial immune deposits, relatively few studies
have explored the relevance of immune complex deposition on
or near the endothehial cell or the nature of the injury that
results from such an immune process. As target antigens,
Golbus and Wilson [121 and more recently Johnson et al [13]
used an exogenous lectin, concanavalin A that binds to glucose
and mannose residues present throughout the glomerular cap-
illary wall, while Salant and collaborators [14] employed sheep
anti-rat glomerular basement membrane antibodies. More re-
cently, Matsuo et al [15] described a model of glomerulonephri-
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tis in the rabbit induced by passive immunization with antibod-
ies directed against the angiotensin converting enzyme. The
induction of the disease process in these studies invariably
resulted in the formation of immune complexes on both sides of
the lamina densa, given the nature and distribution of the
antigens that are the target of the immune attack. Such limita-
tions have seriously hampered a more precise understanding of
the pathophysiologic consequences of immune complex forma-
tion at defined structural sites within the glomerular capillary
wall.
In the present study, we have utilized cationized ferritin (CF)
as previously described by Batsford, Takamiya and Vogt [7],
and a conjugate of Concanavalin-A and native ferritin (ConA-F)
to serve as exogenous antigens planted either in the subepithe-
hal layer of the glomerular basement membrane (CF) or exclu-
sively on the endothelial cell surface and in the lamina rara
interna (ConA-F). The results indicate that the disease pro-
cesses that result from immune complexes developed at oppo-
site sites within the capillary wall are remarkably different in
their functional and structural expression and in their temporal
evolution. The present investigations also demonstrate a rather
limited capacity of the glomerular visceral epithelial cell to
remove immune complexes from the lamina rara externa, a
limitation that undoubtedly contributes to the persistence of the
structural alterations within the glomerular capillary wall in
non-inflammatory diseases with subepithehial immune deposits.
This contrasts with the efficiency of the clearing mechanism
displayed by the endothelium, enhanced by the action of
blood-born platelets and inflammatory elements endowed with
appropriate complement and/or Fc receptors, a process that
results in rapid restoration of the structure and function of the
glomerulus.
Methods
Preparation of tracer antigens
Horse spleen ferritin (F) was purchased from Miles Labora-
tories (Miles Laboratories, Inc., Elkart, Indiana, USA) as a
cadmium free solution. The isoelectric point of the native
ferritin (NF) was increased by the procedure of Hoare and
Koshland [16], as modified for ferritin [17], utilizing 156 mM
l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (Pierce Chem-
ical Co., Rockford, Illinois, USA), 100 m N-N-dimethyl-l,3-
propanediamine (Eastman Kodak Co., Rochester, New York,
USA) and 0.021 mrvi NF in the final solution adjusted to a pH of
6.5 by addition of HC1. The modified tracer was characterized
by isoelectric titration [17], and the solution was sterilized by
filtration and stored at 4°C for up to six months.
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Ferritin was conjugated to Concanavalin A (ConA) (Sigma
Chemicals, St. Louis, Missouri, USA) by the procedure of
Nicolson and Singer [181 utilizing glutaraldehyde (5 mM) as the
crosslinking agent in a solution containing 0.5 M NaCl, 50 mM
sodium phosphate buffer, pH 6.8, 0.21 mrvi ConA and 0.19 mM
NF. The conjugate (ConA-F) was also purchased from Sigma
Chemicals.
Anti-ferritin antisera
Antibodies were produced in rabbits by primary immuniza-
tion with NF in complete Freund's adjuvant, followed by two
booster injections of the antigen in incomplete adjuvant at
weeks 2 and 4. The rabbit anti-ferritin antiserum was subjected
to ammonium sulfate precipitation and the resultant antibody
fraction was titered for anti-ferritin activity by double diffusion
in agar (Ouchterlony) and by quantitative hemagglutination and
hemolysis tests. Samples with a standard anti-ferritin activity
were aliquoted and stored at —20°C.
For the hemagglutination and hemolysis tests, NF was cou-
pled to sheep red blood cells (ShRBC) using the chromic
chloride procedure [19]. For this purpose, 1 ml of ShRBC (20%
vollvol in 0.150 M NaC1) was mixed with 0.5 ml of NF (5 mg/mI
in 0.150 M NaCI). The solution was maintained in a water bath
at 30°C for one hour while 10 ml of CrCl2 (0.133 mg/mi) were
added dropwise. The NF-ShRBC were washed repeatedly with
an excess of NaCI solution, stored at 4°C, and used within three
days. The hemagglutination capacity of the rabbit anti-ferritin
antibody fraction (RbAF) was assessed by incubation of NF-
ShRBC with increasing dilutions of the antibody in microtiter
plates. Hemagglutination titer was determined by visual inspec-
tion of the pattern of RBC sedimentation and expressed as the
final dilution of the antiserum in the microtiter well in which
sedimentation of RBC was prevented by antibody crosslinking.
The capacity of the antiserum to activate complement was
determined by a similar procedure, utilizing NF-ShRBC in a
veronal-buffered salt solution, increasing dilutions of the anti-
serum, and a source of complement components (1:50 dilution
of normal rat serum). Appropriate pre-immune and immune
rabbit antisera of known strength were analyzed simultaneously
as reference. The presence or absence of hemolysis in the
microtiter wells was established by visual inspection.
Experimental design
A total of 110 male Sprague-Dawley rats was utilized in these
studies. The animals were purchased from Charles River Breed-
ing Co. (Wilmington, Massachusetts, USA) and were used after
reaching a body weight of 150 to 200 g. The experimental
animals in this study were handled and maintained in accor-
dance with the guidelines of the Committee on Animals of the
Harvard Medical School and those prepared by the Committee
on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council.
Surgery was performed on a heated table under general anes-
thesia. The tracer antigen was planted in glomeruli by perfusion
of the left kidney; the right kidney served as internal control.
Following temporary ligation of the infra-diaphragmatic aorta,
the left renal artery was cannulated with a 30 gauge needle. The
kidney was then perfused consecutively with 0.5 ml of phos-
phate buffered saline solution (PBS = 0.150 M NaCI, 0.01 M
sodium phosphate buffer, pH 7.4), 0.5 ml of a solution contain-
ing the modified tracer antigen (CF or ConA-F, 1.6 mg/ml in
PBS), and 0.5 ml of PBS at a constant infusion rate of 1.1
mi/mm, utilizing a syringe pump (Harvard Apparatus, Millis,
Massachusetts, USA). The renal effluent was drained through a
puncture of the left renal vein, which was temporarily ligated to
limit the planted antigen to the left kidney and to prevent its
distribution through the systemic circulation. Hemostasis of the
arterial and venous puncture sites was achieved by thermal
cauterization. The total ischemia time to the abdominal organs,
including the left and right kidneys, was always less than eight
minutes.
After reperfusion of the left kidney, animals with planted
ConA-F received an intravenous injection of 1.3 ml of RbAF
and a subcutaneous immunization with 0.2 ml complete
Freund's adjuvant, containing 10 mg!ml of rabbit immunoglob-
ulins. Animals with planted CF received the antibody injection
one hour after antigen planting to allow for a predominantly
subepithelial localization of the tracer. CF animals were also
immunized with rabbit immunoglobulins to enhance the autol-
ogous phase of the disease. Functional and structural studies
were performed at various time intervals following the antigen
perfusion.
To control for the effects of the antigen planting alone and
antibody administration, the following additional groups of
animals were studied by an identical protocol: a) CF or ConA-F
planting alone; b) CF or ConA-F planting, followed by admin-
istration of pre-immune (normal) rabbit serum (NRbS) and
subcutaneous immunization with rabbit immunoglobulins; and
c) perfusion of the left kidney with saline solution, followed by
RbAF administration and immunization as described above.
Functional studies
Urinary protein excretion. All animals were held in metabolic
cages with free access to standard rat chow and water. Daily
urine samples were collected for the determination of protein
excretion rate measured by the quantitative sulfosalicylic acid
precipitation assay [201, utilizing human serum (Lab-Trol, Dade
Diagnostics, Aguada, Puerto Rico) in the preparation of a
standard curve.
Glomerular filtration rate (GFR). Whole kidney GFR of the
unperfused right kidney and the experimental left kidney were
determined by standard inulin clearance techniques, as de-
scribed previously [211. The mean arterial pressure was mea-
sured through a catheter in the right femoral artery, connected
through a pressure transducer to a recording device [21].
Groups of five CF animals were studied 1 hour, 3 days, and 10
days after RbAF administration; three animals were studied at
day 35. The GFR in ConA-F animals was determined in groups
of five animals at 1 hour, 6 hours and 24 hours after antigen
planting. Control animals, perfused with ConA-F or CF, fol-
lowed by NRbS administration, were studied at 1 hour.
Plasma loss during surgery was replaced by infusion of
normal rat plasma in an amount equivalent to 1% body weight
over the first hour, and continued at a slower rate of 1.2 mi/hr
for the duration of the clearance studies. Urine was collected
separately from left and right ureters over a period of 20
minutes. A blood sample was taken at the midpoint of the urine
collection period (corrected for transit time). Inulin concentra-
tion in appropriately diluted samples of plasma and urine was
determined in triplicate by the anthrone reaction [22].
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Morphological and cytochemical studies
Renal tissue samples taken from the left and right kidneys
were obtained and examined by routine light, immunofluores-
cence, and electron microscopy. For light microscopy, mid-
coronal sections through the kidney were fixed in buffered
formaldehyde, sectioned at 3 m, and stained with hematoxylin
and eosin or by the periodic acid-Schiff technique. Polymor-
phonuclear leukocytes were stained by a modification (75 mm
incubation time) of the chioroacetate-esterase reaction de-
scribed by Moloney, McPherson and Fliegelman [23] and Leder
[24]. The average number of chloroacetate-esterase positive
cells per glomerular cross section in left and right kidneys was
determined for each animal on all glomerular profiles contained
in one coronal section. Quantitation of inflammatory cell infil-
tration was performed at 15 minutes, 1, 2, 4, 6, 8, and 24 hours
after antibody administration in CF animals, ConA-F animals,
and control rats with CF or ConA-F planting and NRbS
administration. Groups of four to eight animals per time point
were analyzed. Direct immunofluorescence microscopy was
performed on frozen sections of left and right kidneys incubated
with fluorescein isothiocyanate-labeled antibodies directed
against ferritin, rabbit IgG, rat IgG, and rat C3. The deposition
of the various proteins in glomeruli was assessed qualitatively
for their distribution pattern, and the intensity of the staining
was assessed semiquantitatively using a 0 to 3+ scale. Direct
immunofluorescence microscopy was likewise performed on
the liver and small intestine of selected animals to test for the
presence of immune complexes in extra-renal locations. For
ultrastructural studies, samples of renal cortex were fixed by
immersion in paraformaldehyde (2 gIlOO ml) and glutaraldehyde
(2.5 g/l00 ml) fixative, buffered with 0.1 M cacodylate buffer,
pH 7.4, and processed for routine electron microscopy by
osmium postfixation, ethanol dehydration, and epoxy resin
embedding.
Statistical analysis
Proteinuria values at different time points are expressed as
mean the standard error of the mean. Differences between
left and right kidney GFR values were evaluated for statistical
significance by paired t-test. Statistical significance of the
difference of GFR values observed in the groups of animals
studied for any of the two antigen tracers at three different time
points was assessed by one way analysis of variance [25],
followed by preplanned multiple pairwise comparisons, utiliz-
ing a critical t value calculated by the Bonferroni method [26,
27].
Results
Immune complex disease with planted subepithelial CF
Morphologic studies. Unilateral renal perfusion of CF alone
or CF followed by an intravenous administration of NRbS leads
to antigen entrapment within the glomerular capillary wall, a
result of the charge and size permeability characteristics of the
filtration barrier. The distribution of the tracer one hour after
intraarterial infusion was predominantly subepithelial. How-
ever, approximately 15 to 25% of the tracer was also found in
the lamina rara interna of the glomerular basement membrane.
All glomeruli within a coronal section of the kidney showed
uniform antigen distribution by direct immunofluorescence mi-
croscopy, but, when examined by electron microscopy, the
density of the planted tracer was somewhat irregular from one
capillary loop to another. The administration of RbAF resulted
in the formation of immune complexes at the sites of antigen
planting. Kidneys of at least four experimental animals were
examined by morphological means at 15 minutes, 1 hour, 4
hours, 1 day, 3 days, 10 to 12 days and 35 to 50 days following
antibody administration.
By light microscopy, no significant morphologic alterations of
the glomerulus could be detected between experimental and the
unperfused kidneys at any given time. At 15 minutes, small
aggregates of platelets were seen occasionally in isolated cap-
illary loops. An average of 3.24 0.90 chloroacetate-esterase
positive cells (PMN) per glomerular cross section were found in
the capillary lumina at this earliest time point while only a
background level of inflammatory cells was observed (less than
1 PMN per glomerular cross section) at later time points.
Ultrastructural examination at 15 minutes to four hours after
antibody injection revealed multiple small aggregates of ferritin
within small dense deposits in both laminae rarae, but most
deposits were found in the more distally located subepithelial
space (Fig. 1A). Ferritin complexes in the lamina rara externa
became more prominent during the heterologous phase of the
disease (1 to 4 days), increasing in size to form well-defined
electron dense deposits (Fig. 1B), whereas the subendothelial
ferritin-containing immune deposits disappeared and became an
exceedingly rare finding beyond the first few hours. Glomerular
epithelial cells showed focal simplification of foot processes
during this phase of the disease. Endothelial cell damage was
not observed in this model of immune complex disease.
With the deposition of rat antibodies during the autologous
phase of the disease (days 5 to 20), the subepithelial electron
dense deposits increased in size (Figs. 2 A, B) and the distortion
and obliteration of foot processes became more pronounced
and widespread, occasionally leading to focal detachment of
podocytic processes from the lamina rara externa. Distortion of
the filtration slits, and, in particular, displacement of the
filtration slit diaphragms could often be observed. Inflammatory
cell infiltration was not observed during this phase of the
disease. At later stages (days 35 to SO) the number and size of
the electron dense deposits tended to diminish, however, com-
plexes partially surrounded by basement membrane material
and the associated glomerular epithelial cell alterations were
still present in virtually every capillary loop (Fig. 2C).
The process of immune complex formation could be followed
in the left kidney by direct immunofluorescence microscopy
(Fig. 3). Diffuse linear deposition of the ferritin tracer along the
glomerular capillary wall was seen in all glomeruli with an
average relative intensity of 2+ at day 1 of the disease process.
At the same time, strong reactivity for the rabbit immunoglob-
ulin was detected in a similar distribution. Irregular deposits of
rat C3 but not rat immunoglobulin were found at this early time
point. The perfusion method allowed a very selective planting
of the antigen since no deposits of ferritin or rabbit IgG were
found in any other location when examined by direct immuno-
fluorescence microscopy. At the height of the heterologous
phase (day 3), the staining intensity for ferritin had diminished
slightly, most likely due to saturation of the binding sites on the
planted ferritin tracer by rabbit antibodies derived from the
circulation. At this time, weak and irregular deposition of rat
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Fig. 1. Glomerular capillary wall alterations during the heterologous phase after CF planting and passive immunization with rabbit anti-ferritin.
A. At 15 minutes following antibody administration, dense deposits containing ferritin are present predominantly in the lamina rara externa
(arrows) and focally in the lamina ram interna (arrowheads). The endothelium is unaltered, and the epithelial foot processes do not show noticeable
changes at this time. (x45,000) B. At the height of the heterologous phase (3 days), larger immune deposits have developed in the subepithelial
layer of the capillary wall (arrows). Subendothelial deposits are no longer detectable. Early obliteration of foot processes is also evident at this
time. (x45,000) Abbreviations are: Ep, glomerular epithelial cells; CL, capillary lumen.
IgG and a more homogenous staining for rat C3 could be
demonstrated. At the height of the autologous phase of the
immune process (day 11), the distribution of rat IgG and C3
became more homogeneous, while the reactivity for rabbit
immunoglobulin continued to decline slightly in intensity (Fig.
3). At this time, immunoreactive ferritin was only demonstrable
in some capillary loops by direct immunofluorescence micros-
copy, though the ferritin tracer could be visualized by electron
microscopy at all times within the homogeneously distributed
immune deposits.
The unperfused right kidney of these experimental animals
did not shown immune deposits or ultrastructural abnormali-
ties. Control animals that had undergone perfusion of the left
kidney with CF and either NRbS or saline administration one
hour later showed a gradual decline of the number of ferritin
molecules over the following two to four days. Thus, at four
hours, in the absence of circulating anti-ferritin antibodies, the
tracer had been cleared from the lamina rara interna and was
found exclusively in the lamina rara externa in small clusters.
By 24 hours ferritin had been cleared largely from this location
as well, and at four days, the antigen was no longer detectable
within the glomerular capillary wall. Light microscopic abnor-
malities or ultrastructural changes of glomerular epithelial cells
were not seen at any time in these kidneys from control animals
or in the right kidneys of animals with unilateral (left) immune-
complex disease.
Functional studies. The urinary protein excretion in experi-
mental animals with subepithelial immune complexes showed
the distinct bimodal profile of the disease (Fig. 4). A first peak
was observed at day 2 (114.7 15.8 mg/24 hrs), followed by a
broader mode that spans the second and third week of the
disease (185.6 29.1 mg/24 hrs at day 12). After day 16,
proteinuria values declined rapidly reaching background values
at the end of the fifth week (20.6 2.0 mg/24 hrs). The urinary
protein excretion rate remained within low limits in control
animals with planted ferritin alone, with average values ranging
between 2.3 0.2 mg/24 hrs at day 0 and a maximum of 16.3
1.9 mg/24 hrs on day 6 when examined over a ten-day period (N
= 5). Similarly, administration of NRbS to animals perfused
with CF resulted only in a minimal elevation of the protein
_•? •*•
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Fig. 2. Ultrastructural details of the glomerular capillary wall during the autologous phase, following planting of CF and rabbit anti-ferritin. A.
At day 10, diffuse deposition of large electron-dense deposits in the subepithelial space is apparent (arrows). Mesangial deposits are also present.
(X8,700) B. Details of the structural alterations of the distal layers of the capillary wall at day 10. Epithelial foot processes overlying large,
ferritin-containing deposits (arrows) are retracted, causing distortion of the filtration slits. (x27,000) C. At day 35, large subepithelial electron dense
deposits (asterisks) remain present. Such deposits were often separated from the epithelial cells by a layer of basement membrane (arrows).
(x39,000) Abbreviations are: Ep, glomerular epithelial cells; CL, capillary lumen; M, mesangium.
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Time, days
Fig. 3. Summary of the results obtained by direct immunofluorescence
microscopy on glomeruli of animals with planted CF. The fluorescence
intensity is expressed on the ordinate as semiquantitative values
ranging from 0 to 3+ for the different components of the immune
complexes at several time points during the course of the disease
process. Solid bars represent diffuse staining of all glomerular capillary
loops, hatched bars indicate a more focal and segmental involvement of
many glomeruli.
Time, days
Fig. 4. Time course of twenty-four-hour urinary protein excretion
(U,0V) in rats with imjnune complex disease. Animals with subepithe-
hal deposits following CF/RbAF planting (0) show a characteristic
bimodal course over the five weeks of observation. In contrast, protein
excretion values of animals with ConA-F/RbAF complexes (0) planted
on the endothelial cell surface and in the lamina rara interna remain
within background levels. Values are means 1 SE. Calculated SE for
ConA-F/RbAF animals were too low to be represented adequately on
this graph.
excretion rate, with peak proteinuria of 21.9 3.2 mg/24 hrs
occurring on day 14 when examined over a seven week period
(N = 5).
The urine output was not altered significantly during the first
hour following antigen planting or after the antibody adminis-
tration in this group of experimental animals. The results of our
inulin clearance studies are summarized in Figure 5. The GFR
was reduced in the experimental left kidney (LK) when com-
pared to the corresponding right kidney (RK) at one hour (0.818
LK RK LK RK LK RK
0.069 mLlmin vs. 1.374 0.072 ml/min; P 0.005 by paired
t-test) and at 3 days (1.05 0.099 mllmin vs. 1.3980 0.066
mllmin; P = 0.002 by paired t-test) following the antibody
administration. In contrast, at day 10, GFR of the proteinunc
left kidney was significantly increased over the values measured
for the right kidney (1,84 0.107 mllmin vs. 1.554 0.08
mI/mm; P = 0.028). When the GFR values of the left kidney
obtained in animals studied at three different time points are
compared by one-way analysis of variance, a significant differ-
ence between the groups is evidenced by a calculated F ratio of
33.21 [critical value F001(2, 12) = 6.93]. Multiple pairwise
comparisons indicate that the difference between values seen at
1 hour and 3 days is not statistically significant (t* = 1.76;
critical value calculated by Bonferroni's method = 2.78), while
the differences between the 10-day value and either the 1-hour
or the 3-day values attain statistical significance at the P <0.05
level (10-day vs. 1-hour, tK = 7.77; 10-day vs. 3-day, t' 6.10).
Comparison by one-way ANOVA of the GFR values obtained
for the right kidney at these three time points does not show a
significant difference (F = 1.79, critical F-value = 6.93, as
above). The mean systemic blood pressure (SBP) remained
unchanged in the groups of CF animals studied at three time
points (1-hour SBP = 111 4mm Hg; 3-day SBP = 93 3 mm
Hg; 10-day SBP 114 9 mm Hg; F = 3.57, NS). Finally,
inulin clearance studies at day 35 (N = 3) revealed persistence
of a raised GFR in the experimental left kidney when compared
to the unperfused right kidney (LK = 1.90 0.23 mi/mm vs.
RK 1.52 0.32 ml/min).
Immune complex disease with planted endothelial and
subendothelial ConA-F
Morphologic studies. Unilateral renal perfusion with ConA-F
alone or followed by administration of NRbS resulted in ferritin
deposition on the endothelial cell surface and in the lamina rara
interna exclusively. The density of the tracer varied slightly
from one capillary loop to another following ten minutes of
blood reperfusion. The distribution of the antigen became more
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Fig. 5. Paired glomerular filtration rates (GFR) of immune complex-
containing left kidneys (LK) and unperfused right kidneys (RK) in
CF/RbAF animals at 1 hour, 3 days, and 10 days after passive
immunization with RbAF.
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capillary wall invariably occurred within 24 hours following
immune complex deposition (Fig. 9). Glomerular epithelial cell
abnormalities were not detected at any time in this model of
immune complex-mediated injury.
The presence of immune reactants in glomeruli, as demon-
strated by direct immunofluorescence microscopy, was tran-
sient and paralleled the electron microscopic observations
described above (Fig. 10). Ferritin, rabbit IgG, and rat C3 were
detected along the glomerular capillary wall in a finely granular
and irregular pattern only during the first 24 hours following
immune complex formation. An autologous phase of the im-
mune process was not observed. The unperfused right kidneys
of these animals showed no structural abnormalities at any time
point.15 1 hr 2 hr 4 hr 6 hr 8 hr 24 hr Functional studies. Urinary protein excretion values re-
mained low in animals with planted endothelial and subendo-
thelial immune complexes (Fig. 4), with average daily excretion
never exceeding 25 mg over a four week observation period. In
particular, the protein excretion rate did not increase during the
acute phase of immune complex formation that was accompa-
nied by platelet aggregation and inflammatory cell infiltration
(UprotV during the first 24 hours averaged 4.3 0.7 mg).
Urine flow from the left kidney ceased completely for a
irregular with time, and, within two hours, ferritin could no period of 15 to 30 minutes immediately following antibody
longer be detected by immunofluorescence or electron micros- administration in animals with planted ConA-F. This short
copy. The capillary wall and, specifically, the endothelial cells period of oligo-anuria coincided with massive platelet accumu-
did not reveal structural damage, and significant inflammatory lation and aggregation in glomerular capillaries. The urine
cell infiltration did not occur in these control animals (Fig. 6). production was not impaired appreciably in the unperfused
Groups of S to 9 experimental animals perfused with ConA-F right kidney or in left kidneys of animals with planted ConA-F
and passively immunized with RbAF were utilized for morpho- given NRbS.
logical studies at 15 minutes, ito 2 hours, 4 hours, 6 to 8 hours, Inulin clearance studies were performed on experimental
24 hours, and 4 days following antigen planting. Fifteen minutes animals at 1 (N = 5), 6 (N = 4), and 24 hours (N = 4) following
alter antibody injection, immune aggregates containing ferritin antibody administration and are summarized in Figure 11. Left
were present in a diffuse distribution on the endothelial cell kidney GFR values were significantly reduced in comparison to
surface and within the lamina rara interna (Fig. 7A). Ferritin the right kidney at one hour (LK = 0.576 0.084 mllmin; RK
containing complexes were not seen beyond the lamina densa, = 0.932 0.117 mI/mm; P < 0.05) and six hours after antigen
and in particular, deposits were never found in the subepithelial planting (LK = 0.835 0.049 mllmin; RK = 1.230 0.074
layer of the glomerular basement membrane in this experimen- mi/mm; P < 0.05). This difference between the experimental
tat model. The formation of immune complexes on the endo- and the control kidney was no longer significant at 24 hours (LK
thelium was associated with massive platelet aggregation within = 1.278 0.131 mllmin; RK = 1.435 0.197; NS), a time when
glomerular capillaries of the left kidney (Fig. 7B). At one to two structural abnormalities were no longer present. The inulin
hours following antibody administration, most of the immune clearance of the left kidney clearly showed a remarkable
complexes on the surface of endothelial cells had been cleared, improvement over the first 24 hours following immune complex
and, at this time, the number of platelets was drastically injury in this model. When left kidney GFR values obtained at
reduced (Fig. 8A). Swelling of endothelial cells was often 1, 6, and 24 hours are compared by one-way ANOVA, a
observed at this stage while lifting of the endothelium from the significant difference is observed between the groups. Multiple
basement membrane or severe endothelial cell damage with pairwise comparisons indicate that the average value measured
complete denudation of the basement membrane was less 24 hours after antigen planting is significantly increased over
frequently seen. Many capillary loops contained polymorpho- both the one and six hour measurements, while the difference in
nuclear leukocytes, reaching a maximum on average of 4.76 GFR values measured at one hour was numerically lower than
1.38 cells per glomerular cross section at one hour (Figs. 6 and the value obtained at six hours, but this difference did not reach
8B). Mononuclear cells were also observed within capillary statistical significance (t* = 1.986; critical t005 = 2.870). Al-
loops, often in close apposition with endothelial cells, extending though GFR values obtained for the right kidney at these
cytoplasmic projections through endothelial fenestrae and gaps different time points did not differ significantly (F = 3.59;
left between adjacent fragments of endothelium (Fig. 8C). In the critical F005(2, 10) = 4.10), the measurements tended to be
following hours, the inflammatory cells decreased rapidly (Fig. higher at later time points. Mean arterial blood pressure like-
6), reaching almost background levels at 6 to 8 Hours (less than wise showed the tendency of being numerically lower at one
1 PMN per glomerular cross section). This process coincided and six hours (86 6mm Hg and 86 10 mm Hg, respectively),
with removal of virtually all ferritin-containing complexes from when compared to 24 hours (106 7 mm Hg), but the difference
the lamina rara interna, and complete repair of the glomerular among the three groups did not reach statistical significance (F
6
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z
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0
Time
Fig. 6. Quantitative analysis of inflammatory response in rats with
immune complex-mediated glomerular injury. The average number of
chloracetate-esterase positive polymorphonuclear leukocytes per gb-
merulus is plotted over time for CF/RbAF (D), for ConA-F/RbAF (0),
and for the control animals which received either CF or ConA-F
followed by NRbS (Li).
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Fig. 7. Glomerular ultrastructural alterations 15 minutes following CuriA-F planting and RhAF administration. A. Ferritin particles cover the
surface of the endothelium (arrows) and appear within the lamina rara interna. Glomerular epithelial cells show preservation of foot process
architecture. The lamina rara externa is completely free of electron dense deposits. (x24,500) Abbreviations are: Ep, glomerular epithelial cell; CL,
capillary lumen. B. Low power electron micrograph showing massive platelets aggregation in every capillary lumen. (x3,000)
= 2.28). Urinary protein excretion during the first 24 hours showed no reduction in urine flow, and only minimal functional
following endothelial and subendothelial planting of immune changes were detected one hour after antigen planting, with
complexes was not increased (4.3 0.7 mg). mean arterial blood pressure of 110 8 mm Hg and left kidney
Control animals with planted ConA-F that received NRbS GFR slightly reduced (0.944 0.134 mi/mm) in comparison to
I,
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Fig. 8. Details of glomerular capillary wall 1 to 2 hours after ConA-F planting and administration of RbAF. A. There is focal endothelial
detachment and swelling. Numerous immune complexes are present in the lamina rara interna (arrowheads) and focally on the endothelial cell
surface. The epithelial cell layer is intact. (x38,500) B. Influx of polymorphonuclear leukocytes (PMN) with endocytosed ferritin-containing
immune complexes present in intracytoplasmic vacuoles (V). At this time immune complexes persist in the lamina rara interna but are no longer
present on endothelial cell surfaces. (x38,500) C. A mononuclear inflammatory cell (Mon) with pseudopodic processes is seen in direct contact
with the endothelial cell and subendothelial matrix. (x27,000) Abbreviations are: US, urinary space; Ep, glomerular epithelial cells; End,
glomerular endothelial cells.
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Fig. 9. Details of glomerular capillary wall 24 hours following immune complex planting in the proximal layers of the glomerular capillary wall.
All structural elements are well preserved, the endothelial cell layer is completely restored, and immune complexes have been removed. (x35,000)
Abbreviations are: Ep, glomerular epithelial cell; CL, capillary lumen.
Ferritin Rb Ig Rat C-3
Hn Hn1 RH
the right kidney measurements (1.218 0.147 mi/mm; P = 0.13
by paired t-test).
Discussion
The formation or deposition of immune complexes in the
glomerulus represents the initial pathogenetic event in a great
majority of primary and secondary glomerulonephritides. Thus,
conditions as diverse as acute postinfectious glomerulonephri-
tis, with its diffuse proliferative and exudative morphological
expression and the nephritic clinical presentation, and membra-
nous nephropathy, with a consistent paucity of inflammatory
elements on structural analysis and a distinctive nephrotic
syndrome, seemingly result from similar immunological pro-
cesses that occur within the peripheral capillary wall. Although
a number of variables could potentially account for this striking
difference in morphologic expression, including differences in
the nature of the complexes and the strength of the attachment
lhr 6hrs 24hrs
of such complexes to basement membrane or cell surface
components, we hypothesized that the primary site of the
formation of the antigen-antibody complexes within the periph-
eral capillary wall might play a crucial role in the pathogenesis
and expression of immune-mediated glomerular diseases.
In this report we have described the temporal sequence of
structural and functional abnormalities observed in models of
unilateral experimental immune-mediated glomerular injury in-
duced by the formation of ferritin/anti-ferritin complexes at
different sites within the glomerular capillary wall. The glomer-
ular damage induced by CF-containing immune deposits assem-
bled in the lamina rara externa, as described originally by
Batsford, Takamiya and Vogt [7], characteristically evolves in a
biphasic mode, with an early heterologous proteinuric phase
during the first three days due to binding of the rabbit antibody
to the planted cationized ferritin. These initial immune deposits
containing the rabbit antibody are not modified appreciably by
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Fig. 10. Summary of the results obtained by direct iminunofluores-
cence (IF) microscopy in glomeruli of animals with planted ConA-F. IF
intensity is expressed on a semiquantitative scale ranging from 0 to 3 +
for different IC components at 15 minutes, 1, 4, and 24 hours following
immune complex formation.
LK RK LK RK LK RK
Fig. 11. Paired glomerular filtration rates (GFR) of immune complex-
containing left kidneys (LK) and unperfused right kidneys (RK) in
ConA -FIR bAF animals at 1 hour, 6 hours, and 24 hours after passive
immunization with RbAF.
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visceral epithelial cells during the first few days and remain in
the lamina rara externa throughout the heterologous phase.
They then serve as the target antigen for the autologous immune
response, a more sustained phase that results from the addi-
tional deposition of rat anti-rabbit 1g. This phase lasts three to
four weeks under the experimental conditions described above.
The permeability abnormality is accompanied by striking epi-
thelial cell simplification and retraction, in all likelihood a
reflection of the damage of this cell by locally assembled lytic
components of the complement system, as demonstrated pre-
viously for disease models with subepithelial immune deposits
[28—311. Although similar epithelial cell abnormalities can also
occur as a consequence of direct antibody binding to the
capillary wall in complement independent models of glomerular
injury [32—341, such a mechanism is unlikely to have operated in
our model of subepithelial immune complex disease, given that
such a pathologic process ostensibly requires direct binding of
antibodies to specific cell-associated antigens located on the
glomerular visceral epithelial cell [341. Although recent studies
by Thaiss et al [351 also suggest a role for complement, poly-
morphonuclear granulocytes, and monocytes in the pathogen-
esis of the proteinuria in a model with planted cationized human
IgG, the disease process induced by this polycationic macro-
molecule results not only in the formation of subepithelial
deposits, but is also accompanied by substantial deposits in the
more proximal layers of the capillary wall. In contrast to our
current findings in CF/RbAF animals, the model described by
Thaiss et al [35] is also characterized by a longer persistence of
the subendothelial deposits, possibly the consequence of con-
tinued sequential deposition of antigen and antibody, entrap-
ment of preformed circulating immune complexes, or a stronger
charge-dependent interaction between the antigen with the
negatively charged components of the capillary wall. It is
conceivable that in this model a more protracted inflammatory
cell infiltration also contributes to the reported visceral epithe-
hal cell alterations and associated permeability abnormalities
[35], in addition to the more conventional antibody-directed and
complement-dependent injury [28—31] triggered by the forma-
tion of immune complexes in the lamina rara externa. The
immune injury induced by us in CF/RbAF animals is character-
ized morphologically, however, only by a very brief (less than
60 minutes) and mild infiltration of inflammatory elements at a
time when immune deposits can also be observed transiently in
the more proximal lamina rara interna. At this time, there is
minimal proteinuria and negligible structural alterations of the
visceral epithelium, a finding that argues effectively against a
strong pathogenetic association between inflammation and pro-
teinuria. Our current studies, however, do not include cell
depletion experiments that would permit us to address directly
the question of the potential effects of the cellular infiltrates in
the causation of proteinuria and epithelial cell abnormalities in
this cationized ferritin model. During the initial phase of the
disease, subendothelial deposits are removed rapidly and in-
flammatory cell infiltration is no longer observed throughout the
remaining seven-week course, as described for this and other
models of subepithelial immune complex disease [7, 11, 14]. An
active recruitment of inflammatory elements is not likely to
occur during the late heterologous and the autologous phases,
when only subepithelial immune deposits remain in the capil-
lary wall, since a potential gradient of chemotactic factors
between the site of complement activation and the circulating
blood elements can be foreseen to be dissipated continuously
by the ongoing ultrafiltration process. Immune complexes per-
sist in the lamina rara externa well within the recovery phase,
although urinary protein excretion values reach low, almost
background levels.
The glomerular filtration rate of the proteinuric kidney, when
compared to the unperfused right kidney, is slightly reduced
during the heterologous phase but increases at day 10 during the
autologous phase. The mechanism of the early decline in GFR
is unclear at the present time, however, one is tempted to
ascribe this change in part to the ischemic injury sustained
during the brief ex-vivo perfusion and potentially to the reduc-
tion in effective filtration surface brought about by the efface-
ment of epithelial cell podocytes described above. Micropunc-
ture studies performed in a number of experimental diseases
associated with epithelial cell simplification and retraction have
shown dramatic reductions in the ultrafiltration coefficient
[36—39], and we suspect such changes to be in part responsible
for the modest reduction in GFR observed during the heterol-
ogous phase of this disease. The increase in GFR observed
subsequently during the autologous phase in this model is likely
to have resulted from additional adjustments of the hemody-
namic determinants of the ultrafiltration process. Such hemo-
dynamic adaptations, leading to an increase in glomerular
capillary hydraulic pressure, have been reported by us to result
in a normalization of the GFR and SNGFR at day 10 in a
passive model of autologous immune complex nephritis, not-
withstanding persistence of significant proteinuria, visceral
epithelial cell simplification, and concomitant low values of the
ultrafiltration coefficient, Kf [38].
In striking contrast to this form of glomerular injury is the
disease process that follows immune complex formation in the
more proximal layers of the glomerular capillary wall, particu-
larly on the endothelial cell surface and in the lamina rara
interna (ConA-F/RbAF). The process of immune complex
formation at this site evolves with early, massive platelet
aggregation, accompanied by a mild drop in systemic blood
pressure and local glomerular hemodynamic abnormalities that
result in a brief period of anurja, followed by a transient
reduction in GFR. During this phase, the glomerular capillaries
contain numerous inflammatory cells. The relative contribu-
tions to the drop in GFR by vasoactive complement compo-
nents (C3a, C4a, and C5a) generated locally in the glomerular
microcirculation, by other vasoactive substances released by
glomerular and blood-born elements, and by the rheologic
changes induced by mechanical alterations of the endothelium
and the accumulation within the capillaries of platelets and
leukocytes, are at present unknown. Although C5a has been
shown to induce efferent vasoconstriction, a rise in glomerular
hydrostatic pressure, and a slight decline in the glomerular
ultrafiltration coefficient following direct infusion into the renal
circulation [401, the relative contribution of locally generated
vasoactive complement components and other mediators re-
mains at present unexplored. Furthermore, the drop in arterial
blood pressure observed in this model of glomerular injury
suggests additional systemic effects of vasoactive mediators
generated in response to the rapid formation of immune com-
plexes at the endothelial-blood interface.
In contrast to the persistent glomerular abnormalities that
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result from the deposition of CF-containing immune complexes
in the more distal lamina rara externa, the damage to the
endothelium secondary to ConA-F/anti-ferritin deposition is
reversible, and the immune complexes are rapidly cleared from
the cell surface and removed from the lamina rara interna.
Electron dense deposits beyond the lamina densa, and, in
particular, in the lamina rara extema, were not observed at any
stage of the disease process. In this regard, our findings do not
support the notion that immune complexes assembled in the
more proximal layers of the capillary wall dissociate and
reassemble in the more distal lamina rara externa, as has been
proposed by others for the cationized ferritin model [7], the
cationized IgG model [41—43], and, more recently, for the
disease induced in the rabbit following the administration of
antibodies directed against the endothelial angiotensin convert-
ing enzyme [15]. Instead, our findings indicate that immune
complexes assembled proximally on the endothelium or in the
lamina rara interna under the experimental conditions described
above are removed by inflammatory elements and possibly
platelets that infiltrate the capillary tuft early in the course of
the immune injury. Proteinuria or epithelial cell simplification
and retraction did not develop as a consequence of immune
complex formation in the proximal layers of the glomerular
capillary wall. These findings suggest that immune complexes
need to be assembled in close proximity to the glomerular
epithelial cell surface to induce cell injury that results in a
permeability defect. The concomitant development of protein-
uria and acute inflammation in other models of immune com-
plex glomerular injury could probably be ascribed to the for-
mation of immune complexes on both sides of the lamina densa.
This is presumably the pathophysiologic mechanism responsi-
ble for the disease induced by Con A/anti-Con A reported by
Golbus and Wilson [12] and Johnson et al [13], the experimental
proteinuria that follows planting of cationized IgG [35, 41—43],
and some experimental models of nephrotoxic serum nephritis
[14]. Indeed, illustrations of the glomerular capillaries included
in these studies invariably demonstrate the presence of electron
dense deposits in both laminae rarae [13, 14, 35, 41]. In contrast
to these experimental models, the immune complexes induced
by administration of ConA-F!RbAF are limited to the endothe-
hal cell surface and the lamina rara interna, proteinuria does not
develop, and the disease is entirely reversible, with structural
and functional integrity being restored within 24 to 48 hours
following immune complex formation. It is conceivable that a
more sustained inflammatory stimulus evoked by immune com-
plexes that persist in the proximal layers of the glomerular
capillary wall as a result of a sluggish removal or persistent new
deposition of immune reactants from the circulation could lead
to damage to the capillary wall and result in proteinuria.
Our studies establish the critical role of the site of immune
complex formation as a major determinant of glomerular capil-
lary wall injury and of the structural and functional abnormal-
ities that result from the cell and tissue response to such
damage. It is reasonable to assume that exogenous antigens
responsible for glomerulonephritides in humans are anchored or
retained at various levels within the capillary wall by virtue of
their molecular charge and size, or their affinity for specific
tissue moieties. Large antigenic macromolecules (106 Daltons
or larger) that are able to overcome the effective charge-
selective permeability barrier established by negatively charged
glycoproteins present on the endothelium and in the lamina rara
interna [17] are retained at the lamina densa that acts as an
effective size-selective barrier [17, 43, 44]; likewise, lectin-hike
antigens of various sizes could bind to proximally located
carbohydrate moieties and initiate an immune complex-medi-
ated process at these sites that results in an acute glomerulitis.
Conversely, cationic molecules with effective molecular radii of
approximately 6.1 nm (the size of ferritin) or less [7, 9, 10,
41—43], are likely to filter across the lamina densa and, depend-
ing on their effective filtration size and/or molecular charge,
may be retained temporarily by the filtration slit diaphragm of
the visceral epithelial cell. Such antigens can be expected to
initiate the formation of immune complexes in close proximity
to the glomerular podocyte, leading to complement activation,
direct or indirect cell injury, and proteinuria. Thus, immune
deposits located in close proximity to the endothelium, that are
often present in patients with postinfectious glomerulonephritis
[45—49], are likely to account for the active inflammatory
response of the disease, while the degree of subepithelial
immune deposit formation in such conditions seems to correlate
best with the level of proteinuria [49], an abnormality that in
individual cases can lead to the nephrotic syndrome and, not
infrequently, to progressive renal insufficiency. It is not surpris-
ing that isolated subepithelial deposits or "humps" and not the
subendothelial dense deposits have been regarded as an impor-
tant hallmark of the acute exudative post-infectious glom-
erulonephritides in humans, since the former can be expected to
remain in that location for longer periods of time, while proxi-
mally-located immune complexes are likely to be removed
during the early stages of the disease.
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